Germanene exhibits extremely high mobility, massless fermion behavior, and strong spin-orbit coupling drawing tremendous interest for high performance devices. It has a buckled two-dimensional structure, but not the intrinsic energy band gap and structural stability required for logic and switching devices.
Introduction
Graphene as a 2D carbon allotrope has drawn considerable attention worldwide because of its unique properties for electronics, spintronics and surface science.
1,2 But widespread adoption of graphene for electronic devices still faces challenges because it lacks an energy band gap. The application of strain or electric eld, chemical edge functionalization and quantum connement in graphene nanoribbons and nanomesh, and the introduction of defects have been used in efforts to induce a band gap.
3-5
Despite the success of graphene, its shortcomings have spurred a quest for other 2D materials that naturally have or can more easily induce a band gap, high mobility or on/off ratio. Two promising 2D materials are silicene and germanene, 2D counterparts of graphene originating from bulk silicon and germanium respectively, as rst predicted by Takeda and Shiraishi et al. in 1994. 6 They also envisaged that the planar graphene-like structure of germanene may not exist and may behave like a poor metal. However, the low buckled form of germanene seems to be stable and behaves as a semi-metal. Cahangirov et al., found that the armchair and zigzag nanoribbons appear to be from this low-buckled germanene.
7 Q. Pang et al. showed that these ribbons exhibit intriguing electronic and magnetic properties. 8 Germanene has the same honeycomb structure as graphene, but the atoms are buckled, resulting in increased stability and improved carrier transport characteristics in comparison to graphene. Moreover, the electronic structure of germanene is quite similar to graphene. Puckered structures of germanene are ambipolar and behave like massless Dirac fermions. 7, 9 Even more interesting is that the Fermi velocity of germanene is $5.6 Â 10 5 m s
À1
, carrier interactions with phonons are 25 times less than those of graphene which may explain its high carrier mobility.
Inspired by these theoretical predictions, germanene synthesis techniques were developed but limited to substrate deposition. Graphene-like germanene sheets have been produced on Pt(111), Ge/Ag(111), and Al(111) substrates and was also epitaxially and mechanically exfoliated using GeH synthesis on SiO 2 .
12-15 Moreover, Dávila et al. reported experimental evidence of its synthesis by dry epitaxial growth of germanene on a Au(111) surface. 16 The thermal stability improved by replacing the H atom in germanane with a methyl group.
17
Very recently large layers of germanene were synthesized on the band gap material MoS 2 .
18
On the basis of density functional theory (DFT) calculations, Pang et al. studied completely hydrogenated armchair GeNR (AGeNRs) and zigzag GeNRs (ZGeNRs).
8 They found that the band gap of AGeNRs decreases with increasing ribbon width while oscillates with a period of three. ZGeNRs exhibit antiferromagnetic (AFM) semiconducting behavior but changed to ferromagnetic (FM) semiconducting when doped with a single B or N atom which is useful for spintronic applications.
19,20
Doping is one method for inducing ferromagnetism in the ZGeNRs while retaining its semiconducting behavior. It was also established that edge states dramatically modify the electronic and magnetic properties of GNRs. [21] [22] [23] [24] [25] [26] [27] [28] While doping changes the magnetic state of NRs, edge functionalization (such as using hydrogen and halogens) is an attractive method to alter the electronic properties of GeNRs. Due to halogen functionalization a large band gap is found because of the stronger spinorbit coupling (SOC) of s orbitals around the Fermi level instead of weaker SOC. The coupling of the p xy orbitals of Ge and heavy halogen atoms forming the s orbitals contribute towards large band gap opening.
29
Despite numerous attractive features in germanene and similarity of electronic properties to graphene, its semi-metallic zero band gap still requires engineering to open it. Applying electric eld, chemisorption of adatom species, introducing periodic nanoholes, doping and edge functionalization are possible routes to open and tune a band gap in silicene and germanene at the k point. Edge functionalization as a tool for tuning the band gap in nanoribbons has been studied. 28, [30] [31] [32] [33] [34] [35] [36] But those studies included only hydrogenation and did not include a comprehensive range of edge types for germanene nanoribbons.
Here, a detailed theoretical study of the inuence of edgefunctionalization, using hydrogen (-H and -2H) or halogen (-F, -Cl, -2F, -2Cl) atoms is presented and a full range of edge types by means of density functional theory (DFT) calculations combined with non-equilibrium green's function (NEGF) carried out using ATOMISTIX TOOLKIT (ATK). [37] [38] [39] [40] An overview is given of the inuence of these edge-functional groups attached to different germanene nanoribbon structures of varying widths ranging from 6 to 19, focusing on structural and electronic ribbon properties, especially energy band gap. Additionally, the dependence of armchair GeNR energy band gap value on functionalization and ribbon width is explored to better classify the calculated results. Additionally, the impacts of doping on the stability, electronic and magnetic properties of different edge functionalized GeNRs with hydrogen or halogen atoms are also explored. It was found that doping could increase the sensitivity capabilities of 2D nanomaterials.
41,42
These results can help guide future experimental synthesis and theoretical studies in tuning the electronic and magnetic properties of germanene nanoribbons for electronic material and devices.
Model and method
Germanene nanoribbons (GeNRs) were investigated with edge functionalization by hydrogen (-H and -2H), halogen (-F, -Cl, -2F, -2Cl) or hydroxide (-OH) atoms. Within the framework of DFT, the structure's geometry of GeNRs are optimized using a maximum atomic force of 0. 3 Results and discussions
The edge functionalized AGeNRs structures studied are presented in Fig. 1 . To distinguish a number of functionalized edge congurations of GeNRs "a" is used for armchair and "z" for zigzag. 20 Furthermore, the subscript denotes the number of edge atoms attached to each of the edge germanium atoms along the periodic direction. To study electronic and magnetic properties, 6-19 atoms wide AGeNRs are considered. In this report, detailed theoretical predictions of AGeNR's electronic properties have been analyzed for different functionalized atoms such as hydrogen, hydro-oxide and halogens. Finally, for the B or N doping study of AGeNRs or ZGeNRs, a 7 atoms wide nanoribbon is chosen.
3.1 Armchair germanene nanoribbon 3.1.1 Stability of AGeNRs. Three common forms of edge hydrogenation and halogenation are studied: mono-atom on both edges (a 11 ), di-atoms on both edges (a 22 ), and di-atoms on one edge and mono-atom on the other edge (a 22À11 ), as shown in Fig. 1 . In addition, the a 21 structure is considered in which germanium atoms are periodically attached to mono-hydrogen (-halogen) and di-hydrogen (-halogen) and a 2211 structure which is a mix of a 22 and a 11 structures. Germanene nanoribbons (GeNRs) of width $7.2Å were used to model decoupled hydrogen-terminated germanene edges. Ribbon segments in one unit cell consist of germanium atoms and hydrogen atoms. The edge formation energy is then calculated using
here, E ribbon is the total internal energy of the nanoribbon segment in a unit cell. L is the length along the ribbon axis of the repeated nanoribbon segment with two similar opposed germanene hydrogenated edge congurations. E Ge is the energy of a germanium atom in a perfect germanene sheet, E H 2 gives the total internal energy of an isolated molecule. 43 n Ge and n H is the number of germanium and hydrogen atoms, respectively. The negative values of E edge correspond to an exothermic process in perfect vacuum conditions around freestanding GeNRs. The edge formation energies, band gap energy, and magnetic edge states of various AGeNR congurations are listed in Table S1 . † Edge functionalization is used for stabilization as the AGeNRs are unstable (+0.1953 eVÅ
À1
) and hydrogenated structures with a 22 congurations provide more stability than bare ones but with edge energies close to zero rather than negative. One can consider the hydrogenated structures metastable. Among all of the congurations, the a 22 uorinated edge functionalized ribbons are the most stable structure (À1.88 eV A À1 ).
To study the effect of experimental conditions such as gas pressure and temperature, on the stability of functionalized GeNRs, the calculated edge formation energies are compared to the chemical potential (m H 2 ) of the edge functionalizing atoms. The edge free energy m H (T,p) is calculated as follows 44, 45 
The lower limits are chosen for those molecule's potentials that are accessible experimentally at very high temperature (900 K).
The magnitude of the second term for hydrogen molecules at a pressure of 1 bar using ref. 46 , is À1.52 eV. Consequently, the allowed range of the chemical potential, considering E H 2 as the zero reference, for the hydrogen molecule is
The variations of relative edge formation energy with respect to chemical potential of, for example, the H 2 molecule, using E H 2 as the zero reference, for different AGeNRs congurations are considered and shown in Fig. 2 . Under H-poor conditions with m H 2 < À1.419, a 11 is feasible for AGeNRs. On the other hand, when m H 2 $ À1.419, the a 22 structure becomes more stable than other congurations. Remarkably, under ambient conditions, i.e., 300 K and 5 Â 10 À7 bar (m H 2 ¼ À0.694 eV), a 22 has minimum energy. It's worthwhile to mention that uori-nated a 22 edge structure is always the most stable structure. 3.1.2 Electronic properties of AGeNRs. The variations of band gap and effective mass of AGeNRs for different widths are shown in Fig. 3 when edge functionalized with mono and dihydrogen. A period of three variations in band gap is clearly observed in Fig. 3(a) , revealing that larger band gaps are obtained with smaller ribbon widths because the quantum connement effect is strongly dependent on the nanoribbon width. At the same time it is found that di-hydrogenating a wider ribbon resulted in the same band gaps as smaller mono-hydrogenated AGeNRs. 8, 28, 34, 35 On the other hand, di- hydrogenating AGeNRs offer a stable structure with the same band gap for a larger ribbon width compared to monohydrogenated edge functionalization. A maximum band gap of 0.714 eV for 6AGeNR-2H and minimum of 0.007 eV for 19AGeNR-2H was found. A similar variation is found in the effective masses of mono and di-hydrogen functionalization. From Fig. 3 (c)-(f), the band structure of germanene nanoribbons with hydrogenated edges shows a periodicity of three. This periodicity is classied into three different families where the band gaps are very small for members of the N a ¼ 3k + 2 group, moderate for those of the N a ¼ 3k and large for N a ¼ 3k + 1 group. Similar periodicity is also seen for the di-hydrogenated case, but this time the band gap follows N a ¼ 3k + 1 < N a ¼ 3k + 2 < N a ¼ 3k. 10-a 11 , which belongs to the 3k + 1 group, shows the highest band gap of 0.35 eV when mono-hydrogenated but shied to di-hydrogenated at 11-a 22 . This means that almost the same band gap of mono hydrogenated ribbon can be achieved by di-hydrogenation of a wider ribbon which also offers more stability to the structure. 28, 34 The same periodicity behavior in band gap holds true for hydroxide group edge functionalization.
Both Fig. 4(a) and (c) show the band gap variation of AGeNRs with ribbon width. It is clear that despite being functionalized by uorine and chlorine, they still retain the so-called family behavior seen in hydrogenated AGeNRs. The band gap periodicity in uorine functionalized germanene nanoribbons show the same behavior as hydrogenated GeNRs. But this time the band gap is reduced drastically with increasing ribbon width because quantum connement is substantially reduced due to electron saturation by the larger uorine atom with a mix of sp 2 and sp 3 bonds providing better structural stability.
Fluorine, as opposed to hydrogen, which is covalently bonded with germanium to occupy the lowest electronic band leaving Ge-Ge bond unchanged, has higher Pauling electronegativity (3.98 eV) than that of germanium (2.01 eV) making Ge-F bond ionic. Also, a maximum band gap of 0.809 eV was found when the ribbon width was at its lowest, 6 atoms wide and uorinated. Similar results were found for Ge-Cl bond characteristics. The values of Pauling electronegativity of X (¼F, Cl) are 3.98 and 3.16, respectively, much larger than germanium. The van der Waals radiuses of hydrogen and halogens (X ¼ F, Cl) are 1.20, 1.47 and 1.75Å respectively.
47,48 Ge-Ge bond length (2.4Å) in a perfect AGeNRs is almost double that of hydrogen's van der Waals radius implying that steric hindrance can be ignored in hydrogenated AGeNRs. But steric hindrance becomes acutely and prominently stronger with increasing atomic number of halogens due to increased van der Waals radius. Ionic characteristic of Ge-X bond for larger functional groups like halogens reduces electron density in the bonding orbital of Ge, deteriorating the interaction between Ge-Ge bond. Slightly deviated periodicity in band gap was found while GeNRs were functionalized with chlorine.
As the ribbon width increases, effective mass decreases dramatically and approaches almost the same value with increasing ribbon width as seen in Fig. 4(b) and (d) . The decreasing effective mass offers higher mobility but at the same time the band gap decreases due to the loss of quantum connement in the wider ribbon. Most of the edge atom functionalized congurations offer low effective masses for those greater than 9 atoms wide ribbons. Studies show that N a -AGeNRs (where N a ¼ 6-19) are non-magnetic (NM) semiconductors and exhibit direct band gaps at the G point in the BZ. ). Various forms of edge functionalization such as hydrogen or halogens can be considered to improve the stability of ZGeNRs. Familiar structures, for instance, z 11 , z 22 , and z 2À1 are considered along with some other possible forms of edge functionalization of ZGeNRs, including z 21 , z 211 , and z 221 , as seen in Fig. 5 .
The edge free energies, band gap, and magnetic states of various ZGeNRs are listed in ). Similar to AGeNRs, the stability of halogenated ZGeNRs decreases with increasing atomic number of halogen atoms. In order to account for the experimental conditions, the Gibbs free energies of the aforementioned hydrogenated edge structures are calculated and plotted in Fig. 6 . For low hydrogen chemical potential m H 2 < À1.5 eV, the z 11 has minimum energy. When À1.5 eV # m H 2 < À0.5 eV, several different edge structures have almost the same amount of energy. Further increase of m H 2 up to +2.0 eV nds z 22 most favorable.
3.2.2 Electronic and magnetic properties of ZGeNRs. We studied many congurations of ZGeNR structures. But we present those that are experimentally viable taking into consideration the formation energies while retaining interesting electronic and magnetic properties. Out of those, 7 atoms wide ZGeNRs with mono edge (z 11 ) and di-edge (z 22 ) structures are presented. Three different magnetic states, NM, FM and AFM of the ZGeNRs are considered. Comparing the total energies of these three states, it is found that the AFM state for the z 11 is 80.24 meV and 11.36 meV more favorable than the NM and FM states respectively; thus, similar to ZGeNRs, the AFM state is the ground state for ZGeNRs. Fig. 7(b) shows the band structure of z 11 in its ground state (AFM) and it is semiconducting (0.2626 eV) in both (spin-up and spin-down) channels, while two other excited states are metallic. All other z 11 congurations while terminated with halogens have the same characteristics as the hydrogenated ones but those structures are comparatively more stable than hydrogen terminated z 11 according to their edge free energies. The most stable structure found was terminated by uorine (À0.73 eVÅ À1 ). Interestingly, z 22 halogenated structures are metallic in all three states except the hydrogenated (AFM semiconducting, 0.2441 eV) one which retains same characteristics as z 11 .
Armchair germanene nanoribbons doped by N or B atoms
The effects of doping on band gap as well as magnetic properties of GeNRs with N or B impurity have been investigated. Theoretically, it is possible to replace the Ge atoms in different sites of the nanoribbon using a single N or B. Formation energy (E f ) of the nanoribbon with an N or B impurity is calculated to further examine which site is experimentally more likely to occur,
here, E doped and E pristine are the total energy of doped GeNRs with N or B impurity and the total energy of pristine GeNR, respectively. The E Ge , E N and E B are the total energy of free Ge, N, and B impurity, respectively. m and n are the number of N and B impurities in the doped GeNR, respectively. The smaller value of E f species that the particular atomic structure is experimentally feasible. Preferred N or B doping positions for different edge functionalized AGeNRs are shown in Fig. 1 denoted by P 1 and P 2 . It was found that the formation energy of a single substitution at the edge site is lower than other sites in the nanoribbon, indicating that the possibility of substitution of Ge atoms with dopants is higher at the edges of the nanoribbons.
46,49
Nonetheless, other metastable sites can be considered for practical thermodynamical conditions due to the small difference of their formation energies.
50
Formation energies, band gaps, and magnetic edge states of hydrogenated and uorinated AGeNRs doped with N or B atom are listed in Table S1 . † The formation energy of B doped AGeNRs is found to be lower than that of N-doped AGeNRs, suggesting that the B impurity is easier to substitute than Ge atoms at the edge of AGeNRs. It can also be due to the larger Pauling electronegativity (3.04) and smaller covalent radius (0.75Å) of the N impurity compared to the B impurity (Pauling electronegativity of 2.04 and covalent radius of 0.82Å).
47 The optimized N-Ge (1.85Å) and N-H (1.02Å) bonds for N doping at the edge are found to be shorter than B-Ge (1.99Å) and B-H (1.21Å) bonds for B doping at the same edge location.
Because of the smaller ionic radius and shorter bond length of N doping compared to B doping in GeNRs, the lattice distortion of the latter is more pronounced than that of the former. It appears that B doped AGeNRs have almost the same bond length as the pristine ones and offer a more stable structure with less lattice distortion.
The band structures of N-or B-doped AGeNRs show that there is a half-lled band near the Fermi level, resulting in a semiconductor-metal transition, as seen in Fig. 8(b) and (d) . It is interesting to nd that the band introduced by an N dopant lies closer to the conduction band, while the band induced by a B dopant is located near valence band. The reason behind this is that the value of ionic electronegativity of the Ge atom is very close to B and lower than N. Hence the orbit energies of B are higher than those of Ge and lower for N than Ge. As a result, the B (N) impurity shis the band levels of GeNRs up (down).
51,53
The spin-polarized calculations of uorinated a 11 doped with a B atom indicate that it is semiconducting in both channels with band gaps of 0.425 and 0.393 eV for spin-up and spin-down channels, respectively, as seen in Fig. 8(b) . Fig. 8(d) shows the spin-polarized band structure of N-doped uorinated a 11 . Interestingly enough, the valence band maximum (VBM) of the spinup channel and the conduction band minimum (CBM) of the spin-down channel are both close to the Fermi level. An indirect band gap of 0.136 eV was found in the spin up channel and a direct band gap of 0.439 eV was found in spin down channel for the uorinated a 11 doped with N atom. Besides, the hydrogenated a 11 doped with N or B atom is still metallic. As found from calculation, when the impurity atom (N or B) is replaced with Ge atoms at the edge, the spins on the edge are locally suppressed around the dopant atom and remain less affected on the undoped edge. As a consequence, a total magnetic moment of 0.761 m B (or 0.583 m B ) per supercell is gained for the B doped (or N doped).
The spin resolved band structure of N-or B-doped hydrogenated z 11 shows that the introduction of dopants at the edges give rise to asymmetrical spin-up and spin-down bands around 3 f , suggesting that the spin degeneracy of AFM -z 11 disappeared and the mirror symmetry is broken.
The spin polarized calculation of hydrogenated a 11 doped with N next to the edge atom (P 2 ) of the nanoribbon shows that it is AFM semiconducting in both channels with band gaps of 0.230 and 0.414 eV for spin-up and spin-down channels, respectively as can be seen from Fig. 9(b) . On the contrary, uorinated a 11 doped with N at the same position shows FM semiconducting behavior in both channels. The band gap in this case, is 0.204 eV, which is direct band gap in spin-up channel but indirect in spin-down channel with 0.483 eV as shown in Fig. 9(d) . The total magnetic moment was calculated to be 0.768 m B in this case.
For higher doping concentrations, a new band appears close to valence (conduction) band for each additional boron 
Doped zigzag germanene nanoribbons
The doping effects on ZGeNRs are considered. In this case 7-ZGeNR is used for the supercell model containing 42 germanium atoms and 6 or 12 atoms of hydrogen or uorine is selected. The doping position is chosen at the edge of the nanoribbon to substitute a Ge atom because of its low formation energy. This ensures the structural stability of ZGeNRs possibly due to the decay of high energy states in GeNRs, as reported for SiNRs. 49 The non-spin-polarized calculation shows that doped ZGeNRs are all metallic. Formation energies, band gaps, and magnetic edge states of hydrogenated and uorinated ZGeNRs doped with N or B atom are listed in Table S3 . † For the hydrogenated B-doped case, the spin-up channel shows semiconducting behavior with a direct band gap of 0.314 eV and the spin-down channel is still metallic respectively, as shown in Fig. 11(b) . But in the case of N doping, the spin-down channel is AFM semiconducting with direct band gap of 0.333 eV and the spin-up channel is metallic. The unpaired spin-up p band and spin-down p* band at the edge of the nanoribbons is believed to be the origin of spin-degeneracy in pristine hydrogenated z 11 .
N or B doping at the edge of the ZGeNR provides an additional electron or hole to the GeNR that can occupy the unpaired spin orbital, causing the band's degeneracy to break. Injection of extra electrons and holes into the edge of the p and p* states more than interior states can be related to the local structural distortion caused by impurities at the edge of the nanoribbon.
51,53
In the case of hydrogenated z 22 when doped with B, it transforms to a half metallic semiconductor with a band gap of 0.351 eV in the spin-down channel [ Fig. 12(b) ] and shows total magnetic momentum of 0.907 m B in the FM state. But for uo-rinated B doped, it transforms to AFM semiconductor for both of the channels with a band gap of 0.101 eV (direct) and 0.173 eV (indirect) in the spin-up and spin-down channel respectively [ Fig. 12(d) ]. By comparing formation energies for both of the structures, it can be seen that the uorinated (E f ¼ À4.62 eV) is more stable than the hydrogenated (E f ¼ À3.95 eV). The reason can be that the Pauling electronegativity of uorine (3.98) is higher than hydrogen (2.2) and also the bond length of Ge-F (1.78Å) is very near the Ge-Ge bond (2.4Å).
47
Finally, the effect of doping concentration on electronic and magnetic properties is studied for z 11 . It is found that double boron and nitrogen doped ZGeNR show semiconducting behavior with very small band gaps of 0.01 eV and 0.078 eV, respectively. Spin polarized calculations also show that triple boron/nitrogen doped z 11 are NM materials.
Conclusions
Electronic and magnetic properties of edge functionalized (-H, -OH, -F, -Cl) AGeNRs and ZGeNRs were investigated using rst principle calculations based on DFT. It was found that the halogenated structures are more stable than hydrogenated or hydroxide structures though stability decreases with increasing atomic number of halogens. Moreover, halogens still ensure more stable structures than other functionalized atoms in any case. Quantum connement was also retained even when functionalized with other atoms rather than hydrogenated only.
This study showed that the energy band gap changes are strongly dependent on the armchair nanoribbon's width, edge atom functionalization and the number of functionalizing atoms at the edges. Edge functionalization can be used for energy band gap tuning (0.01-0.84 eV) of AGeNRs. Depending on the type of edge functionalization, the same band gap with wider ribbons can be achieved.
Formation energy studies revealed, regardless of impurity atoms (N or B) in AGeNRs or ZGeNRs, dopants preferred to be on the edges. Single atom doped AGeNRs at one edge becomes metallic due the appearance of a half-lled impurity atom induced band which enables them to be used in negative differential resistance devices. Single atom doping (N or B) suppresses the spin polarization of the doped edges transforming it from an AFM ground state to FM. Lastly, formation and edge free energy studies revealed the feasibility of chemical synthetization of edge functionalized germanene. 
